The aim of this study was to compare the efficiency of three different food-grade emulsifiers to form and stabilise an orange oil-in-water emulsion. The emulsifier type and concentration had a profound effect on the initial particle size of the oil droplets with Tween 80 being the most effective in reducing the particle size (1% w/w, 1.88 AE 0.01 lm) followed by sodium caseinate (10% w/w, 2.14 AE 0.03 lm) and gum arabic (10% w/w, 4.10 AE 0.24 lm). The long-term stability of the concentrated beverages was monitored using Turbiscan analysis. The Turbiscan stability indices after 4 weeks of storage followed the order: Tween 80 (1.70 AE 0.08) < gum arabic (4.83 AE 0.53) < sodium caseinate (6.20 AE 1.56). The protein emulsifier was more capable to control the oxidation process, and this was attributed to the excess amount of emulsifier present in the aqueous phase. This study provides useful insights into the formulation of flavour emulsions by the beverage industry.
Introduction
Emulsion technology has recently become a valuable tool for developing beverages with desirable sensory properties. Flavour beverage emulsions contain lipophilic compounds with characteristic aroma profiles formerly known as flavour oils, which make them unique ingredients for beverage formulations (Tan, 2004) . Flavour oils are typically extracted by the cold pressing of citrus peels and are present in the form of small spherical droplets dispersed in an aqueous medium (Given, 2009) . Orange oil, which is one of the most widely used flavouring agents in beverage manufacture, consists of more than 200 compounds with limonene being the dominant one (Vora et al., 1983) .
The shelf life of flavour emulsions is product-specific and depends mainly on the conditions used during processing, storage and transport. Emulsifiers are key ingredients for the long-term stability of beverage emulsions and may also affect taste and flavour (McClements, 1998; Chaudhari et al., 2015) . In principle, a wide range of emulsifiers differing in their chemical nature and properties may be potentially used to stabilise flavour oils in beverage emulsions. However, in practice, most of the commercially available products in this category are formulated with a narrow selection of surface-active agents.
Gum acacia (gum arabic) is the most widely used emulsifier in the beverage industry to stabilise flavour emulsions (Tan, 1990) . Gum arabic is derived from the stems and branches of trees of the genus Acacia growing in the sub-desert areas of Africa and consists of at least three biopolymer fractions: a high-molecularmass arabinogalactan-protein complex (AGP), a glycoprotein (G1) and an arabinogalactan polysaccharide (AG), which has a low molecular mass (Buffo et al., 2001) . The emulsifying ability of hydrocolloids results from the presence of hydrophobic and hydrophilic domains distributed along their polymeric chain. Gum arabic is believed to anchor its hydrophobic fractions to the oil surface, while the hydrophilic parts extend into the surrounding aqueous phase and are believed to stabilise the droplets mainly by steric hindrance and with some contribution from electrostatic repulsion (Chanamai & McClements, 2000) . The utilisation of gum arabic as an emulsifier is further facilitated by its high water solubility, low solution viscosity and the fact that is not affected by environmental changes during processing (Piorkowski & McClements, 2014) . On the other hand, gum arabic has a relatively low affinity for oil-water interfaces which means that high concentrations are required for coating the oil droplet (Tse & Reineccius, 1995) . This increases the production cost and may also affect the stability of the product through a flocculation mechanism as studies have shown that non-adsorbed molecules can increase the attractive forces between oil droplets due to an osmotic effect (Chanamai & McClements, 2001) . Another limitation with the use of gum arabic is that performance cannot be strictly standardised due to low reliability of the supply chain and natural variance in the composition of gum arabic (Garti, 1999) .
A wide range of proteins are also currently used as emulsifiers in various food systems. Proteins are typically used in lower concentrations of amphiphilic polysaccharides to stabilise oil-in-water emulsions. A typical example is caseins from bovine milk, which have an open, flexible and highly disordered structure (Dalgleish et al., 1995) . The surface activity demonstrated by this type of natural emulsifiers is attributed to the high proportion of non-polar groups on the protein backbone (Dickinson, 1992) . Caseinates of divalent cations such as sodium caseinate are easily dispersible and heat stable as they do not undergo heat-induced conformational changes like globular proteins (Srinivasan et al., 2002) . Caseins, when present at sufficient amounts, can form thick multilayers at the interface due to the formation of loops inside the water phase (Dickinson, 2009; Singh, 2011) . Caseins are effective emulsifiers at neutral pH where they prevent oil droplets from aggregation due to a combination of electrostatic and steric stabilisation mechanisms (Dickinson et al., 1998) .
A third group of food-grade emulsifiers of synthetic nature are the so-called low-molecular-weight surfactants. Unlike proteins, small-molecule surfactants are tightly packed at the interface (100% surface coverage) and form a monolayer with a thickness between 0.5 and 1 nm (Grigoriev & Miller, 2009) . Tweens, formerly known as polysorbates, are water-soluble, micelle-forming, non-ionic emulsifiers that consist of a non-polar fatty acid group esterified to a polar polyoxyethylene sorbitan group. Tweens, because of their non-ionic nature, are functional over a wide range of pH and ionic strength values and stabilise the oil droplets by exerting steric hindrance (Berton-Carabin et al., 2014) . A major limitation of polysorbates is their instability at temperatures approximating the phase inversion temperature (Piorkowski & McClements, 2014) .
A number of recent studies have reported effects of emulsifier type on the physical stability of emulsion beverages formulated with orange oil (Mirhosseini et al., 2008a,b; Lim et al., 2011) . However, these studies were restricted to either a single emulsifier or a single type of emulsifiers (i.e. polysaccharide-based emulsifiers). The overall objective of this study was to compare the ability of three different, in terms of chemical structure and mode of action, food-grade emulsifiers to stabilise flavour emulsions. Emulsifiers were selected to have one from each major group commercially available: small-molecule surfactants and polysaccharide-based and protein-based emulsifiers. Furthermore, the emulsifiers chosen are documented to withstand processing effects without significant losses in functionality, which makes them suitable for a wide range of beverage applications (Piorkowski & McClements, 2014) . In particular, Tween 80, gum arabic and sodium caseinate were tested at different concentrations for their ability to form and stabilise model orange oil-in-water beverage emulsions. The optimum concentration for each type of emulsifier was selected to monitor physical stability over a period of 4 weeks at 4°C, which is typically encountered during storage of beverages. The efficacy of different emulsifiers to prevent lipid oxidation during storage was also investigated. This study provides fundamental data for the application of food-grade emulsifiers in emulsion beverages and can be of interest to the food and drink industries.
Materials and methods

Materials
Gum arabic, sodium caseinate, Tween 80, orange oil, sodium benzoate, 2-thiobarbituric acid and 1,1,3,3-tetramethoxypropane (TEP) were purchased from Sigma-Aldrich (St. Louis, MO, USA). OxiSelect TM Total Antioxidant Capacity Assay Kit was supplied by Cambridge Bioscience Ltd (Cambridge, UK). All reagents used were of analytical grade.
Methods
Preparation and storage of oil-in-water (o/w) beverage emulsions Dispersions of Tween 80 (0.5-2.0% w/w), sodium caseinate (6.0-12.0% w/w) and gum arabic (5.0-20.0% w/w) were prepared by hydrating the emulsifiers overnight. Sodium benzoate (0.2% w/w) was included in the formulation to avoid microbial growth in the emulsion during storage. A coarse emulsion was initially formed by adding orange oil (10% w/w) at a steady rate and mixing the ingredients using a highspeed blender (Morphy Richards, Argos, UK) for 2 min at room temperature. Samples were then processed in a single-stage valve homogeniser (APV-1000, SPX Flow Technology, West Sussex, UK) working at an operating pressure of 20 MPa. Each sample was passed three times (recycling) through the homogeniser to ensure complete emulsification. The pH of each emulsion was determined immediately after the homogenisation process and was found to range from 5.2 to 6.7 (neutral) depending on the emulsifier used. After preparation, the samples were stored at 4°C for 4 weeks and sampling was performed at timed intervals. Samples were stored at À20°C for thiobarbituric acid-reactive substances (TBARS) and total antioxidant capacity assay.
Emulsion microstructure
Light micrographs of the emulsion samples were taken using a Leica DM IL LED inverted laboratory microscope equipped with a Leica DFC295 digital colour camera (Leica microsystems Ltd, Milton Keynes, UK). A droplet was placed on a microscope slide (76 9 26 mm) and were left uncovered (without cover slip) to avoid destructing the native fat globules structure. The samples were observed with a 409 dry objective lens. Pictures were taken using the in-built 3 MP digital camera, and picture analysis was performed by Leica application suite software (V.3.6.0).
Viscosity
The viscosity of orange beverage emulsions was measured immediately after the sample preparation using a rotational viscometer (Cole-Parmer Instrument Co. Ltd., London, UK) equipped with the R2 spindle. The viscosity measurement range appeared in the unit of cP. For each emulsion, the viscosity was reported as an average of three individual measurements. A fixed volume of emulsion (100 mL) in a 500-mL beaker was measured each time, and the spindle depth was kept constant throughout the measurements. In this study, the measurements were reported at a spindle speed of 100 rpm.
Turbiscan
The physical stability of beverage emulsions was monitored using a Turbiscan MA2000 (Formulaction, Ramonville St. Agne, France). The apparatus comprises of a detection head equipped with a near-infrared light source (880 nm) which scans the length of the sample, acquiring transmission and backscattering data every 40 lm. The light source scanned the sample at 5-min interval from top to bottom and measured the percentage of light backscattered or transmitted during two-h period at 30°C. Creaming and coalescence/flocculation kinetics were followed by determining the mean value kinetics (DBS%, peak thickness) as a function of time at the middle layer and creaming layer, respectively. The stability of emulsions was evaluated using the TSI (Turbiscan Stability Index) parameter calculated by the Turbisoft 2.1 software. The refractive indices used for particle size calculation were 1.47 for the dispersed phase and 1.33 for the continuous phase.
TBARS
TBARS were determined using reversed-phase highperformance liquid chromatography (RP-HPLC). 150 lL of sample was added to 4 mL of distilled H 2 O. 1 mL of thiobarbituric acid (0.67% w/v) was added to the reaction mixture before heating the samples for 30 min in a boiling water bath. Samples were allowed to cool and were centrifuged at 2465 g for 15 min. HPLC analysis was performed using a Waters 2695 Separations Module (Waters Corporation, Milford, USA) equipped with a Waters 2475 fluorescence detector and a Luna Ò 5 lm C18 (2) 100 A, 100 9 4.6 mm column. TBARS was determined with isocratic elution at a flow rate of 0.8 mL min À1 , sample run was carried out for 15 min, injection volume was 20 lL, and fluorescence detector wavelengths were set to 515 nm (excitation) and 546 nm (emission). The mobile phase consisted of 60% (v/v) KH 2 PO 4 (50 mM, pH 7.0) and 40% (v/v) methanol, and results are expressed in nmoles of malondialdehyde (MDA) equivalents per g of sample.
Total antioxidant capacity (TAC) assay
The TAC assay is based on the reduction of copper (II) to copper (I) by antioxidants such as uric acid. Upon reduction, the copper (I) ion further reacts with a coupling chromogenic reagent that produces a colour with a maximum absorbance at 490 nm. The net absorbance values of antioxidants are compared with a known uric acid standard curve. Absorbance values are proportional to the sample's total reductive capacity. In brief, 20 lL of the diluted uric acid standards or samples (950) was added to the 96-well microtitre plate containing 180 lL of the 19 reaction buffer using a multichannel pipette and mixed thoroughly. An initial absorbance was obtained by reading the plate at 490 nm. To initiate the reaction, 50 lL of the 19 copper ion reagent was added into each well and incubated for 5 min on an orbital shaker. The reaction was terminated by adding 50 lL of 19 stop solution to each well and reading the plate again at 490 nm. Results are expressed as mM uric acid equivalents.
Statistical analysis
Results are expressed as mean AE standard deviation (SD) of three replicates (each replicate corresponds to a different batch). Statistical analysis of the data was performed using the statistical software SPSS Statistics 22 (IBM). Data were analysed by analysis of variance (ANOVA), and significant differences (P < 0.05) were detected by the Scheff e's post hoc test.
Results and discussion
Effect of emulsifier concentration on physical stability
The physical stability of oil-in-water emulsions is largely dependent on the electrostatic charge and thickness of the interfacial area, which in turn is determined by the nature and concentration of the emulsifier present during the homogenisation process (Berton-Carabin et al., 2014) . The first objective of this study was to identify the optimum concentration for each emulsifier in order to form a protective film around the droplets and confer long-term stability to the emulsion. Visual observations combined with optical microscopy indicated that all concentrations used for Tween 80 (0.5-2.0%) were sufficient to form relatively stable emulsions (Fig. 1a) . In this case, stability is attributed to steric repulsion owed to the presence of the polyoxyethylene chains. On the other hand, the emulsion formed by gum arabic at low concentration (5%) was subject to gravitational separation as witnessed by the formation of a 'ring' (Fig. 1b) . This is due to the fact that gum arabic has a low affinity for oil-water interfaces, and thus, relatively high concentrations are required to form stable emulsions (Piorkowski & McClements, 2014) . The polysaccharidebased emulsifier was able to form stable emulsions at concentrations above 10%. Interestingly, emulsions formed with sodium caseinate were also subject to gravitational separation at concentrations below 10%. The phenomenon was particularly severe at 6% where phase separation (creaming) was evident almost immediately after the homogenisation process. Optical microscopy indicated that the concentration used was not sufficient to form stable droplets and flocculation was identified as the main cause of instability (Fig. 1c) . Emulsions stabilised with sodium caseinate are known to be prone to flocculation at pH values in proximity to the protein's isoelectric point (3.5-5.3) due to reduced electrostatic repulsion (Surh et al., 2006) . However, the pH of the beverage with sodium caseinate is neutral (6.4-6.7) and therefore far from the isoelectric point of the caseins, and the droplets should have a net negative charge due to the ionisation of the carboxyl groups (-COO À ). A depletion flocculation mechanism due to the non-adsorbed protein molecules may account for the observed instability in the concentration range between 6% and 10% (Dickinson et al., 1997) . The emulsions formed by sodium caseinate at concentrations above 10% are stable and the creaming rate is significantly reduced, which may also be attributed to the increase in apparent viscosity of the emulsion beverage (Fig. 2) . The initial findings derived from visual and macroscopic observations are further confirmed by Turbiscan analysis. Turbiscan analysis enables to distinguish between the oil globule flocculation/coalescence and particle migration processes and obtain real-time information on the destabilisation process, simply by monitoring the optical properties of an emulsion. Figure 3 is a representative diagram of the DBS% profiles in the reference mode (DBS = BSt-BS0) as a function of the sample height (total height = 46 mm) for the Tween 80 emulsion. Three phenomena can be observed simultaneously. First, a clarification takes place at the bottom of the tube (zone I). Second, an oil globule aggregation process can be detected at the middle of the tube (zone II). Third, a creaming process takes place at the top of the tube (zone III). Figures 4a-d and 5a-d show the DBS % profiles and peak thicknesses (i.e., mean value kinetics) as a function of time for zones II (oil globule aggregation, Fig. 4 ) and III (creaming, Fig. 5 ) of the beverage emulsions. Gum arabic (5%) and sodium caseinate (6% and 8%) are prone to gravitational separation as indicated by the corresponding peak thickness of the cream layer and the creaming rates (Fig. 5b, c) . This effect seems to be triggered by changes in particle size due to flocculation/coalescence as evidenced by the %DBS of the corresponding samples (Fig. 4b, c) . The stability of the emulsions formed with Tween 80 is not affected by the concentration range used in this study (Figs. 4a and 5a ). Based on these findings, the following optimum concentrations were chosen for monitoring the stability of the emulsions over the storage period: Tween 80 (1.0%), gum arabic (10%) and sodium caseinate (10%) and their corresponding effectiveness to stabilise the emulsion beverage of this study is shown in Figs. 4d and 5d .
Physical stability of beverage emulsions during storage
The beverage emulsions formed with the predetermined emulsifier concentrations were stored at 4°C, and their stability was monitored weekly. Emulsion stability is critical in beverage applications as many of these products are expected to have a shelf life of weeks or months (Given, 2009 ). The mean particle sizes and the Turbiscan stability indices (TSI) of each beverage emulsion prepared with a different emulsifier are presented in Table 1 . The TSI values are negatively related to the stability of emulsions ( Alvarez-Cerimedo et al., 2010) . Tween 80-stabilised emulsions had the smallest average droplet diameter during the storage period. The increase in growth size of the droplets stabilised by the surfactant during the 4-week period was also relatively slow from 1.88 lm to 2.08 lm. The ability of small-molecule surfactants to form small oil droplets during the homogenisation process is well documented and attributed to their ability to adsorb quickly to the oil-water interface and effectively lower the interfacial tension (Piorkowski & McClements, 2014) . The emulsifier concentration (1%) exceeds the critical micellar concentration (CMC) for Tween 80, which practically means that the interface is densely populated by surfactant molecules and the excess spontaneously self-assembles into micelles in the continuous phase to further reduce the interfacial tension (Posocco et al., 2016) . The TSI of the Tween 80-stabilised emulsions was the lowest compared with all other samples indicating that the surfactant was the most effective emulsifier to form and stabilise the emulsion beverage. Emulsions formed with sodium caseinate had smaller average particles sizes compared with gum arabic. This finding is in agreement with previous studies comparing the efficiency of whey protein isolate and gum arabic to form a beverage emulsion containing limonene (Djordjevic et al., 2008) . As a general rule, proteins are more surface-active biopolymers than polysaccharide-based emulsifiers and this property is reflected on the initial particle size of the mean droplet population. Nevertheless, the TSI of the emulsion stabilised with gum arabic was lower than the one formed with sodium caseinate (except for week 2), indicating that the polysaccharide-based emulsifier is more effective in stabilising the beverage during storage. The variations in TSI values of emulsions are usually due to changes in the mean size (coalescence/ flocculation) or droplet migration (Liu et al., 2011) . Thus, TSI values reflect the %DBS (particle size changes) and creaming rates (particle migration) as a function of time. Sodium caseinate demonstrates increased creaming rate at week 4 (Fig. 6c) , which might be attributed to flocculation/coalescence phenomena observed at weeks 3 and 4 (Fig. 7c) . Gum arabic shows a steady incremental trend during the 4-week period (Figs. 6b and 7b) , whereas Tween 80 is significantly less prone to any destabilisation phenomena (Figs. 6a and 7a) . Recent studies comparing the emulsifying properties of gum arabic and arabinoxylan-protein gum indicate that the initial particle size is not always associated with increased emulsion stability (Xiang & Runge, 2016) . The long-term stability of a beverage emulsion depends on the ability of the adsorbed emulsifier layer to prevent droplet aggregation during storage (Qian et al., 2011) . This in turn is related to the strength of the repulsive forces between approximating droplets and the surface load of the species present in the adsorbed monolayer (McClements, 2005) . In this case, the high molecular weight of gum arabic exerts stability by forming a thick interfacial film (5-10 nm) surrounding the oil droplets and thus providing a mechanical barrier against flocculation and coalescence through steric effects (Jayme et al., 1999; Dickinson, 2009) .
Chemical stability of beverage emulsions during storage
The nature of the emulsifier used had a profound effect on the chemical stability of the beverage emulsion. Both methods employed to assess the oxidative stability of the beverage emulsions during storage generated consistent results. According to the findings, the formation of secondary oxidation products (TBARS) was significantly lower for sodium caseinatestabilised emulsions for weeks 2-4 compared with all other types of emulsifiers used (Fig. 8) . Differences in TBARS values between emulsions formed with Tween 80 and gum arabic were not significant during the storage period (P > 0.05). The total antioxidant capacity assay also indicated that the antioxidant/reducing power of sodium caseinate is higher compared with Tween 80 and gum arabic (Fig. 9) . Previous studies reported similar findings which indicate that protein molecules are more capable of providing chemical stability in emulsions compared with surfactant molecules or polysaccharide-based emulsifiers (Djordjevic et al., 2008; Haar & Jacobsen, 2008) . A few different reasons may account for the observed findings. The particle size of the oil droplets, particularly at the initial stages of emulsion formation, is considered an important determinant of the oxidation process (Jacobsen et al., 2000) . Large particle size is associated with better control of the oxidation process, simply because in this case, the surface area available for chemical reactions is smaller, and thus, the reaction rate may be slower (Mao et al., 2009). However, this hypothesis is not fully supported by the findings of this study, as sodium caseinate had smaller average droplet sizes (2.14-3.21 lm) compared with gum arabic (4.10-5.70 lm). Another important factor known to affect the chemical stability of emulsion droplets is the thickness and packing density of the interfacial layer covering the oil droplet (BertonCarabin et al., 2014) . In particular, the thick interfacial layer formed by caseins, which acts as a physical barrier against pro-oxidant initiators, seems to contribute to the enhanced oxidative stability of casein-stabilised emulsions (Hu et al., 2003; Kiokias et al., 2006) . Furthermore, proteins are known to be effective antioxidants either by scavenging free radicals or by acting as metal chelators (McClements & Decker, 2000; Sorensen et al., 2007; Elias et al., 2008; Schaich, 2008) . This is of particular importance in the present study as sodium caseinate is used in excess (10%) and a considerable amount of the protein emulsifier will remain unadsorbed in the continuous phase. Unadsorbed protein emulsifiers are known to interact with water-soluble reagents such as free radicals or metal ions (Cheng et al., 2010) . In fact, the high protein concentrations commonly encountered in the continuous phase of emulsions seem to be the main reason for the effectiveness to prevent oxidation compared with other nonproteinaceous emulsifiers (Berton-Carabin et al., 2012) . Although it is very likely that a combination of the above-mentioned mechanisms may account for the increased oxidative stability demonstrated by the sodium caseinate emulsions, the high levels of the protein emulsifier used to form and stabilise the beverage emulsion are of critical importance.
Conclusions
The results presented herein suggest that the type of emulsifier used to form and stabilise orange oil-inwater emulsions affects significantly the physical and chemical stability of the beverage. Tween 80 was the most effective emulsifier in comparison with sodium caseinate and gum arabic. The emulsions formed by the surfactant had the smallest particle size and remained fairly constant during the storage period. Furthermore, Tween 80 can be used in considerably lower concentrations (1%) than the protein (10%)-and polysaccharide-based emulsifiers (10%). Surprisingly, the emulsions formed with sodium caseinate at 6% concentration were flocculated even though the pH was far from the isoelectric point of the proteins.
On the other hand, the protein-stabilised beverages were less susceptible to oxidative deterioration. This was attributed to the radical scavenging and metal chelating properties of the protein fraction which remained unadsorbed in the continuous phase. Future studies will be conducted to assess the physical and chemical stability of orange oil-in-water beverages using binary mixtures of the emulsifiers used in this study. Figure 9 Effect of emulsifier type on total antioxidant capacity (expressed as uric acid equivalents, Mm) during storage for 4 weeks at 4°C. Different letters denote significant differences (P < 0.05). [Colour figure can be viewed at wileyonlinelibrary.com]
